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ABSTRACT

The InAs/GaSb type-II superlattice based complementary barrier infrared detector (CBIRD)
has already demonstrated very good performance in long-wavelength infrared (LWIR)
detection. In this work, we describe results on a modified CBIRD device that incorporates a
double tunnel junction contact designed for robust device and focal plane array processing.
The new device also exhibited reduced turn-on voltage. We also report results on the quantum
dot barrier infrared detector (QD-BIRD). By incorporating self-assembled InSb quantum dots
into the InAsSb absorber of the standard nBn detector structure, the QD-BIRD extend the
detector cutoff wavelength from ~4.2 um to 6 um, allowing the coverage of the mid-
wavelength infrared (MWIR) transmission window. The device has been observed to show

infrared response at 225 K.
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1. Introduction

The antimonide material system consisting of the nearly lattice-matched semiconductors
of InAs, GaSb, and AISb (and their alloys with InSb, GaAs, and AlAs) has emerged recently as a
highly effective platform for the development of sophisticated heterostructure-based mid-
wavelength infrared (MWIR) and long-wavelength infrared (LWIR) detectors, as exemplified by
the high-performance double heterstructure (DH) [1], nBn [2,3,4], XBn [5,6,7,8], and type-II
superlattice infrared detectors [ 9,10,11,12,13,14,15,16,17,]. A key enabling design element is
the unipolar barrier [17], which is used to implement the barrier infra-red detector (BIRD) design
for increasing the collection efficiency of photo-generated carriers, and reducing dark current
generation without impeding photocurrent flow. In this paper, we report an LWIR antimonide
superlattice detector based on the complementary barrier infrared detector (CBIRD) [17] with a
modified design, as well as an MWIR quantum dot barrier infrared detector (QD-BIRD) [18] that

extends the cutoff wavelength of the standard nBn detector [2].

2. Complementary barrier infrared detector (CBIRD)

The active region of the complementary barrier infrared detector (CBIRD) [17] design
consists of a p-type InAs/GaSb long wavelength infrared (LWIR) absorber SL sandwiched
between an n-type InAs/AISb hole-barrier (hB) SL (which also serves as the top contact) and a p-
type InAs/GaSb electron-barrier (eB) SL. The hB SL and the eB SL are respectively designed to
have approximately zero conduction and valence subband offset with respect to the absorber SL,
i.e., they acts as a pair of complementary unipolar barriers with respect to the absorber SL.

Underneath the active region is a ~Ium thick highly n-doped InAsSb bottom contact region,
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which is connected to the eB SL via a broken-gap tunnel junction. The entire structure is grown

on GaSb substrate, with an n-type GaSb buffer layer which is not electrically active.

The structure and performance of the original CBIRD device has been documented in
detail elsewhere [17]. In this paper we address two specific areas of device improvement. First,
the original CBIRD design uses a rather thick (~1pum) InAsSb bottom contact for the purpose of
providing a large processing window for etching to bottom contact layer. The composition of
the InAsSb alloy (~InAsy.91Sbg g9) must be carefully controlled so that it remains lattice-matched
to the GaSb substrate over the 1 um thickness. The precise composition control can be somewhat
challenging for growth since InAsSb is a mixed Group-V alloy. The second issue is that the
original CBIRD required ~200 mV biasing before it became fully responsive, even though the

CBIRD device was designed to turn on fully at zero bias.

The first issue is addressed in Fig. 1, which shows the energy band diagram of a modified
CBIRD design. The hole barrier, absorber, and electron barrier comprising the active region are
the same as before. The InAsSb layer now has a reduced width of 0.2 pm (to make it less
burdensome for growth), and is doped n=1x10"® cm™ as before. It is grown on a p-type GaSb
buffer layer, which serves as the new bottom contact. Note that the p-GaSb contact layer could
be grown as thick as desired on GaSb substrate. The bottom panel of Fig. 1 shows the broken
gap tunnel junctions between the n-InAsSb and the p-type electron barrier SL, as well as between
the n-InAsSb and the p-GaSb bottom contact (hence the name double tunnel junction contact).
At both of the interfaces, the doping is high to ensure low junction resistance. To summarize, the
double tunnel junction design uses a thick (and easy to grow) GaSb contact layer to offer a large
processing window; it provides low-resistance electrical connection between the GaSb contact
and the absorber layer through two broken-gap tunnel junctions, and avoids the growth of a thick
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InAsSb contact layer. We note that the new CBIRD design differs from the original only in

doping profile and in the reduction of the InAsSb layer thickness.

One might question necessity of the double tunnel junction at all. Could we not remove
the InAsSb layer, and, for that matter, the electron barrier layer also, and connect the absorber
directly to the p-GaSb bottom contact, without going through any tunnel junctions? The
challenge with this seemingly simpler approach is that valence band edge of GaSb is
approximately 100 meV lower than that of the electron barrier SL (and the absorber SL, whose
valence band edge nominally lines up with that of the electron barrier SL). This valence band
offset would introduce a blocking barrier to holes traversing from the absorber to the bottom

contact.

We next address the issue of CBIRD turn-on bias. If we examine the band diagram in the
top panel of Fig. 1, we note that there is no a priori reason why the CBIRD device should not
have full response at zero bias. Consider an electron-hole pair photo-generated in the p-type
absorber superlattice region while the CBIRD structure is under zero bias. Although electron
(minority carrier) could diffuse to either direction, the presence of the deflecting electron barrier
serves to ensure that all electrons that do not recombine with majority holes in the absorber
would eventually move toward the left, and be swept across the (primary) N-p junction at the
hole barrier / absorber interface to be collected at the top contact. By dielectric relaxation, the
photo-generated hole would push an excess hole to the electron barrier / InAsSb broken-gap
tunnel junction (or, in the case of the new design, the double tunnel junction), which allows the

excess hole to traverse freely towards the right electrode even under zero bias.
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A possible scenario for why a CBIRD device would require a turn-on voltage is
illustrated in Fig. 2. The top panel shows the zero-bias energy band diagram of an N-p
heterojunction, which is the hole-barrier/absorber portion of the CBIRD structure. The
calculation was performed using heterojunction drift-diffusion simulation [19]. The top panel
shows the N-p junction as intended by design, with no conduction band offset between the hole
barrier and the absorber. The middle panel shows a similar band diagram for the case where
there is a hypothetical 80 meV band offset between the hole barrier and the absorber (hole barrier
side being higher). Under zero applied bias, band bending reduces the 80 meV band offset
barrier to a triangular barrier of ~38 meV, which would still hinder the flow of electron
photocurrent towards the left electrode. The bottom panel shows that an applied reverse bias of

200 mV is required to remove the 38 meV triangular barrier and open up the current flow fully.

Another possible scenario is that, even if there is no conduction band offset between the
hole barrier and the absorber, there could still be a small unintended electron barrier if the doping
junction is moved into the hole barrier region, instead of coinciding with the metallurgical
junction. This again would introduce a current-impeding barrier, which has to be overcome by
reverse biasing [20]. Both the conduction band offset induced barrier, and the doping profile
induced barrier (or combinations of the two) can be removed by making small adjustments to the
device structure, by modifying the doping profile or making small changes to the design of the

hole barrier superlattice.

A device structure based on the modified CBIRD design was grown on a 50-mm
diameter Te-doped GaSb (100) substrate in a Veeco Applied-Epi Gen III molecular beam
epitaxy chamber equipped with valved cracking sources for the Group V Sb2 and As2 fluxes.

The absorber of this particular device uses 300-period superlattice. Square mesa photodiodes of
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area 200 um x 200 um were fabricated using standard optical lithography for responsivity and
dark current measurements. The devices were not passivated, nor treated with anti-reflection
(AR) coating. Figure 3 shows the top illuminated spectral responsivity of the device measured at
77 K, under 0.1 V bias. The responsivity peaks at ~6.5 um with a value of 1.7 A/W, and drops
off to approximately 1.2 A/W at 5 um. The long wavelength (50% peak responsivity) cutoff
occurs at 10 pm, in good agreement with the 77K photoluminescence spectrum peak. Assuming
unity gain, the single-pass peak quantum efficiency is ~33%; estimated peak quantum efficiency

for AR coated devices is ~46%.

The inset of Fig. 3 shows the peak responsivity as a function of applied bias at 77 K. In
contrast to what was observed in the previously reported CBIRD device [17], the photo-response
is almost fully turned on at zero bias, reaching 90% of the plateau value. This shows that the
unintended conduction band potential barrier at the N-p junction is almost completed removed.
It also shows that the new double tunneling junction bottom contact does not introduce any

noticeable added resistance.

Figure 4 shows the measured dark current density as a function of applied bias at 77 K.
Under 100 mV bias, the dark current density level is 0.89x10™ A/cm®. The reverse bias (positive
top bias) J-V characteristics appears nearly diffusion-limited, with dark current level increasing

only by 65% when the applied bias is increased from 50 mV to 300 mV.

We computed the 300 K background black-body specific detectivity (D*) from the
measured 0.1 V spectral responsivity and dark current at 77K detector operating temperature,
assuming unity gain. The photocurrent is determined from the integrated photo-response in the 8

pm to 10 um spectral range (the overlap of the atmospheric transmission window and the

detector response). For f/2 viewing conditions, the black-body D* value is 8.86x10' cm-
6
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Hz'"*/W under 0.1 V bias. LWIR imaging focal plane array (FPA) results from the new CBIRD
design have been reported [21]. The FPA operating at 78K exhibited an NEDT of 18.6 mK with

1/2 optics at 300K background.

3. Quantum dot barrier infrared detector (QD-BIRD)

The recent emergence of barrier infrared detectors such as the nBn [2,3] and the XBn [6]
have resulted in mid-wave infrared (MWIR) detectors with substantially higher operating
temperatures than previously available in III-V semiconductor based MWIR detectors. The
nBn/XBn detector uses a unipolar barrier layer sandwiched between the top contact layer and the
absorber layer. The unipolar barrier blocks the flow of majority carriers (electrons), but not
minority carriers. The barrier photodetector architecture offers advantages of suppressed
generation-recombination (G-R) dark current resulting from suppressed Shockley-Read-Hall
(SRH) recombination processes [2,3], and reduced surface leakage dark current [9,22,23,24,25].
The initial nBn devices used either an InAs absorber grown on InAs substrate, or lattice-matched
InAsSb alloy grown on GaSb substrate, with cutoff wavelengths of ~3.2 um and ~4 pm,
respectively. While these detectors could operate at much higher temperatures than existing
MWIR detectors based on InSb, their spectral responses do not cover the full (3 —5 pm) MWIR
atmospheric transmission window. There also have been nBn detectors based on the InAs/GaSb
type-II superlattice (T2SL) absorber that have provided spectral coverage out to longer cutoff
wavelengths [11,26]. Here we describe an alternative approach to extending the cutoff
wavelength of the standard nBn detector by insert quantum dots into the absorber layer of the

nBn.
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Figure 5 schematically illustrates the structure of the quantum dot barrier infrared
detector (QD-BIRD). It is very similar to the standard nBn device structure as originally
described by Maimon and Wicks [2,3], consisting of an AISbAs barrier sandwiched between the
InAsSb top contact layer and absorber layer. The slight modification we introduced is the
periodic insertion of 2.8 monolayers (MLs) of InSb, which forms self-assembled InSb quantum
dot layers in the InAsSb absorber matrix, as illustrated in Fig. 5. The alloy composition of the
InAsSb matrix was adjusted slightly to reduce the Sb content. More details of the structure have
been reported earlier [18].

The top panel of Fig. 6 shows the normalized photoluminescence (PL) spectrum of the
QD-BIRD with two distinct peaks. The origins of the 4.0 um and the 5.5 um peaks are
illustrated in Fig. 7, which shows a schematic energy band diagram for the vicinity of the InSb
quantum dot.  The 4.0 um peak is easily identified with the band gap E, of the InAsSb matrix.
The 5.5 um peak is related to the quantum dot. The band diagram shows that the strained InSb
forms a type-II broken gap band alignment with the InAsSb matrix, with the valence band edge
of InSb being substantially higher than the conduction band edge of InAsSb. The InSb quantum
conduction band state is clearly unconfined and is not likely a source of the PL peak. What is
most likely responsible for the 5.5 um PL peak is a type-II transition involving the conduction
band edge of the InAsSb matrix, and the confined hole state of the InSb quantum dot, illustrated
in Fig. 7 with the label E\q.

The bottom panel of Fig. 6 shows the spectral responsivity for a QD-BIRD device,
without AR coating, taken at 125K, 175K, and 225K under -200 mV bias. The spectral
responsivity is measured using a top-illuminated geometry. Because the GaSb substrate is
essentially transparent to the MWIR radiation under consideration, the spectral response should

be considered as a double-pass (or multiple-pass) result, since light could re-enter the absorber
8
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region after reflecting off the bottom of the substrate. Like the PL spectrum, the spectral
responsivity also shows a distinct bimodal behavior. The photo-response associated with the
direct band-to-band transition in the InAsSb matrix is seen at the short wavelengths. The
responsivity drops off to 50% of the peak value at 4.22, 4.34, and 4.51 um at T=125K, 175K,
and 225K, respectively. Beyond the cutoff wavelength associated with the bulk InAsSb matrix,
we also observe extended response which drops off approximately linearly; this is attributed to
the type-II transition between the quantum dot valence band state and the InAsSb matrix
conduction band state. The extended response associated with the quantum dots is noticeably
weaker than the bulk InAsSb response. The external quantum efficiencies at 5 um for T=125K,
175K, and 225K are respectively 8.6%, 16%, and 17.5%, which are only about 30% the
corresponding values found for the InAsSb matrix in the 3-4 um range, even though the PL
intensities of the QD-to-matrix and the bulk transitions are comparable. One reason for the
weaker response of the QD-to-matrix transition is that the quantum dot hole state is confined by
the InAsSb matrix. The confinement energy AE is given by the difference between the InAsSb
band gap £, and the QD-to-matrix transition energy Enq (see Fig. 7). The photo-excited hole
(minority carrier) has to overcome this additional energy barrier AE in order to escape the
quantum dot and be collected. There is likely a distribution of quantum dot sizes, with a
corresponding distribution E;,q and AE. Smaller dots that lead to longer the extended wavelength
(smaller E\,g) would have larger escape energy 4E. This would explain why the extended cutoff
response tails off as the wavelength increases.

The bottom panel of Fig. 6 shows that the photo-response increases with temperature; the
responsivity at 225K is approximately twice that at 125K. One possible mechanism responsible
for this behavior is the presence of a small un-intended hole barrier resulting from the valence

band mismatch between the absorber and the AISbAs barrier (the valence band edges of the
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absorber and the barrier should be aligned in an ideal nBn structure). This barrier would block
photo-currents generated from both the InAsSb matrix absorption and the dot-to-matrix
absorption. Another possibility is that the quantum dots themselves could impede minority
carrier transport. A QD occupied by a hole is a (screened) Coulomb scattering center, which in
principle could provide the observed temperature dependence. An unoccupied QD could also
trap holes.

Figure 8 shows the measured dark current density for a QD-BIRD as a function of
applied bias at 125K, 175K, and 240K. The reverse-bias (negative top contact bias) J-V
characteristics appear diffusion-limited at 17K and 240K. Under -200 mV bias, the dark current
density levels are 1.52x107 A/em” and 3.77x10™ A/em?, respectively at 125K and 175K. We

computed the black-body specific detectivity (D*) for /2 optics, 300 K background conditions.

The photocurrent is determined from the integrated photo-response in the 3 um to 6 pum spectral
range. For detector temperature of T=175K, -200 mV bias, the black-body D* is dark-current
limited and has a value of 1.07x10"" em-Hz"%/W. At T=125K, the black-body D* is background

limited and has a value of 3.76x10'? cm-Hz">/W.

Summary
We describe modified complementary barrier infrared detector (CBIRD) [17] structure
with a double tunnel junction contact designed for robust device and focal plane array
processing. We analyzed the turn-on characteristics of the original CBIRD, and demonstrated
results from a new CBIRD device with near zero-bias turn on and near diffusion-limited dark
current characteristics at 77K. We also describe results on the quantum dot barrier infrared
detector (QD-BIRD), which is a simple modification of the standard MWIR nBn detector with
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an InAsSb absorber lattice-matched to the GaSb substrate. We showed that by incorporating
self-assembled InSb quantum dots into the InAsSb absorber matrix, we could extend the
detector cutoff wavelength from ~4.2 um to 6 pm, and thus providing better spectral coverage

of the MWIR transmission window.
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Figure Captions:

Figure 1. The energy band diagram of the complementary barrier infrared detector structure with a
double tunneling bottom contact, showing the conduction and valence (heavy hole 1) band edges, and
the Fermi level (dashed line) under zero bias. The bottom panel shows an enlarged view of the bottom

contact region.

Figure 2. The Calculated energy band diagram showing the conduction and valence band edges and
the quasi Fermi levels of the CBIRD N-p junction with matching conduction band edges under zero
bias (top panel), an N-p junction with a conduction band offset under zero bias (middle panel), and the

N-p junction with a conduction band offset under 0.2 V reverse bias (bottom panel).

Figure 3. Top illuminated single-pass spectral responsivity for a CBIRD device without anti-
reflection coating under 0.1 V applied bias, measured at 77 K. The inset shows the peak responsivity

as a function of applied bias.

Figure 4. Dark current density as a function of applied bias of a 200 pm x 200 um CBIRD device at

77K operating temperature.

Figure 5. Schematic layer diagram of a quantum-dot barrier infrared detector (QD-BIRD). The
absorber region consists of an InAsSb matrix periodically embedded with layers of self-assembled

InSb quantum dots.
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Figure 6. The top panel shows the photoluminescence (PL) spectrum for the QD-BIRD taken at 77K.
The bottom panel shows the double-pass responsivity of a QD-BIRD without anti-reflection coating

under -0.2 V applied bias, measured at 125K, 175K, and 225 K.

Figure 7. The inferred schematic energy band diagram for the QD-BIRD absorber near the InSb

quantum dots, showing the two transitions responsible for the two peaks observed in the PL spectrum.

Figure 8. Dark current density as a function of applied bias of a 200 pm % 200 um QD-BIRD taken

at 125K, 175K, and 240 K.
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